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Knowledge of the 3He(3He,2p)4He reaction is important for understanding stellar burning and
solar neutrino production. Previous measurements have found a surprisingly large rise in the cross
section at low energies that could be due to a low-energy resonance in the 3He + 3He (6Be) system or
-1786-
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electron screening. In the 6Be nucleus, however, no excited states have been observed above the ﬁrst
2+ state at Ex = 1.67 MeV up to 23 MeV, even though several are expected. The
2H(7Be,3H)6Be
reaction has been studied for the ﬁrst time to search for resonances in the 6Be nucleus that may
aﬀect our understanding of the 3He(3He,2p)4He reaction. A 100-MeV radioactive 7Be beam from
the Holiﬁeld Radioactive Ion Beam Facility (HRIBF) was used to bombard CD2 targets, and tritons
were detected by using the silicon detector array (SIDAR). A combination of reaction mechanisms
appears to be necessary to explain the observed triton energy spectrum.
PACS numbers: 25.40.Hs, 26.20.+f, 27.20.+n
Keywords: Radioactive ion beams, Inverse kinematics, Transfer reactions, Silicon detectors
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I. INTRODUCTION
The proton-proton chain (pp chain) is responsible for
the energy production of the sun and of stars with masses
less than a few times that of the sun. The 3He nuclei
produced during the pp chain are themselves involved
in a number of reactions, including 3He(d,p)4He and
3He(3He,2p)4He, which are responsible for the destruc-
tion of 3He and the production of 4He. Because the
abundance of deuterium in a star is extremely small, the
latter reaction plays the more important role in under-
standing the destruction of 3He.
Understanding 3He abundances is important for con-
straining big bang nucleosynthesis (BBN) models and
the fundamental cosmological parameter η, the ratio of
nucleons (baryons) to photons in the early Universe. Un-
derstanding the evolution of the light elements (such as
D, 3He, 4He, and 7Li) from the big bang to the present is
crucial for testing the BBN predictions for the primeval
abundances [1,2]. The cosmological parameter η was con-
strained to be 5.9×10−10 ≤ η ≤ 6.4×10−10 by using the
Wilkinson Microwave Anisotropy Probe (WMAP) data
[3]. Theoretical predictions of the D and the 4He abun-
dances by using BBN and WMAP data show good agree-
ments with observations, but that of the 7Li abundance
does not agree with the measured primordial abundance
[4,5]. Part of the reason for this discrepancy may come
from the BBN models used for the calculations. Because
the 3He(3He,2p)4He reaction aﬀects the abundance of
3He, knowledge of the reactions is essential for constrain-
ing BBN models and the baryon density.
The reaction also strongly aﬀects the calculated neu-
trino luminosity from the sun [6]. As indicated in Refs. 7
and 8, the presence of a resonance in the 3He + 3He
system at the thermal energy of the sun would de-
crease the amount of 3He processed via the 3He(4He,γ)
7Be reaction, and, as a consequence, the neutrino yield
via the 7Be(e−,ν)7Li(p,α)4He and/or the 7Be(p,γ)8B
(νe+)8Be∗(α)4He channels.
Because of its importance, the 3He(3He,2p)4He reac-
tion has been studied several times at a variety of ener-
gies [6,9,10]. Previous measurements have demonstrated
a rise in the 3He(3He,2p)4He S-factor at low energies [6,
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9, 10]. This rise has generally been attributed to elec-
tron screening, which essentially reduces the eﬀective
Coulomb barrier at low bombarding energies, resulting in
a rise in the measured cross section. The electron screen-
ing potential extracted from the cross section data, how-
ever, was considerably larger than expected. The dis-
crepancy could be due, in part, to broad 6Be resonances
that had not been accounted for. Therefore, searches
for such resonances are important in understanding the
3He(3He,2p)4He reaction and the electron screening ef-
fect.
In the 6Be nucleus, no excited states have been ob-
served above the ﬁrst 2+ state at Ex = 1.67 MeV up
to 23 MeV [11], but there is considerable evidence to
support the presence of unknown excited states in 6Be.
First of all in the mirror nucleus 6He, two excited states
at 14.6 and 15.5 MeV should have analog levels in 6Be
near or above the 3He + 3He threshold at 11.49 MeV.
In addition, levels have been predicted at 12.8, 14.7, and
23.8 MeV in 6Be [12]. Finally, a measurement at the
University of Notre Dame found tentative evidence for a
6Be level at 9.6 MeV [13].
Whether a particular level is observed in an exper-
iment depends on whether its structure is compatible
with the reaction mechanism involved. Thus, a possi-
ble reason why no excited states in 6Be were previously
found is the particular choice of reactions studied [14,
15]. We have made a new search for missing 6Be levels
by studying the 2H(7Be,3H)6Be reaction with a radioac-
tive 7Be beam at 100 MeV (Ec.m. = 22.3 MeV) at the
Oak Ridge National Laboratory’s (ORNL) Holiﬁeld Ra-
dioactive Ion Beam Facility (HRIBF). The reaction has
never been studied before; thus, it may populate states
in 6Be that have not been previously observed.
II. EXPERIMENTAL PROCEDURE
The 7Be material used to make the beam was produced
via the 7Li(p,n)7Be reaction by bombarding a lithium
pellet with ∼10-MeV protons at the Triangle Universi-
ties Nuclear Laboratory in North Carolina. The material
then underwent chemical processing to separate the 7Be
from the bulk material before being pressed into sput-
ter cathodes. A multi-sample cesium sputter source was
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Fig. 1. Schematic diagram of the experimental setup.
Fig. 2. Kinematics calculation of the 2H(7Be,3H)6Be re-
action at Ebeam = 100 MeV. Curves are labeled by
6Be ex-
citation energy. The angular range (14◦ ≤ θlab ≤ 32◦) was
chosen to optimize the sensitivity around 10 MeV in excita-
tion energy of 6Be.
used to produce a mixed 7Be/7Li beam, which was then
mass analyzed and injected into a 25-MV tandem accel-
erator. The beam was stripped to the q = 4+ charge
state at the tandem terminal, and the 7Li contamination
in the beam was rejected by an energy-analyzing mag-
net, resulting in a pure beam of 7Be. The average beam
current on the target was ∼ 106 particles per second, and
a total of 3.4× 1011 7Be ions were incident on the target
over the course of the experiment.
The 100-MeV 7Be beam impinged on a 1.0-mg/cm2
CD2 solid target (ρ = 0.94 g/cm3, 7.5 ×1019 2H atoms/
cm2). A schematic diagram of the experimental setup
is shown in Fig. 1. Recoiling tritons from the 2He(7Be,
3He)6Be reaction were detected by using a large-area sili-
con detector array (SIDAR). The SIDAR [16] was conﬁg-
ured with 100-µm detectors backed by 500-µm detectors.
Also, the wedges were arranged in a “lampshade” con-
ﬁguration to cover a large angular range (14◦ ≤ θlab ≤
32◦). This angular range was chosen to optimize the sen-
sitivity around 10 MeV in excitation energy of 6Be. The
kinematics calculation of the 2H(7Be,3H)6Be reaction at
Ebeam = 100 MeV is shown in Fig. 2. Curves are labeled
by 6Be excitation energies ranging from the ground state
to 14 MeV.
Fig. 3. (Color online) Examples of ∆E-E plots. (a) ∆E
and E layers were used. (b) ∆E, E, and veto layers were
used.
Two silicon strip detector arrays acted as energy-loss
(∆E) detectors (100-µm thick) and residual energy (E)
detectors (500-µm thick), respectively, for light particles.
Tritons were identiﬁed by using standard energy loss
techniques. A typical particle-identiﬁcation plot from the
current experiment is shown in Fig. 3(a). As seen in
the ﬁgure, however, a signiﬁcant number of 3He particles
that punched through the E detector, which resulted in a
“back-bending” locus overlapping with the triton group
of interest.
To reduce this eﬀect, another layer of detectors
(“veto”-detectors, 300-µm thick) was placed behind the
E detectors. The purpose of using the third layer of de-
tectors was to detect the 3He particles punching through
the E detectors and to exclude those particles from the
∆E-E plot. The result of this veto condition is shown
in Fig. 3(b). Most of the unwanted 3He events were ve-
toed by this technique except for a small range of energies
[marked with (I) in Fig. 3(b)] where the energy deposited
in the veto detector was larger than the analog-to-digital
converter (ADC) maximum.
To help identify true coincident ∆E-E events E events
were delayed by the amount of 800 ns, and the time be-
tween ∆E and delayed E events was measured using
a time-to-amplitude converter (TAC). To determine the
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Fig. 4. (Color online) Time diﬀerence between ∆E and
delayed E events for tritons and 3He particles. E events were
delayed by 800 ns.
Fig. 5. Number of counts per channel versus 6Be excita-
tion energy plot at θlab = 19.9
◦. Excitation energies between
∼11.7 – 13.1 MeV are contaminated by punching-through
3He particles.
number of 2H(7Be,3H)6Be events that were observed, an
appropriate time coincidence (400 ns ≤ time diﬀerence
≤ 1200 ns, see Fig. 4) was required. Unfortunately, the
TAC showed no sensitivity to particle type as shown in
the ﬁgure. Next, a proper ∆E-E proﬁle was required as
shown in Fig. 3(b). Events that fell into the gate were
identiﬁed as tritons. As mentioned earlier, however, a
large number of 3He particles also fell into this gate. Fig-
ure 5 shows the number of counts per channel versus 6Be
excitation energy (EBe) plot at θlab = 13.6◦.
III. RESULTS
Events falling in the triton gate [marked as (II) in Fig.
3(b)] for which the ∆E and the E signals were within an
∼ ± 400-ns window were identiﬁed as tritons and pro-
jected along the energy axis. An example at θlab = 19.9◦
is shown in Fig. 5. A small number of 3He events was
Fig. 6. Diﬀerential cross section vs. 6Be excitation energy
plots for several SIDAR strips.
still observed to leak into the triton gate. The ﬁnal en-
ergy calibration of this spectrum was made in separate
runs by scattering 6- and 11-MeV deuteron beams from
a 197Au target into the SIDAR array. The calibrated tri-
ton energies were then converted to 6Be excitation ener-
gies by using the known detector geometry and reaction
kinematics.
The observed numbers of counts were then con-
verted to diﬀerential cross sections by assuming that the
2H(7Be,3H)6Be reaction produced the observed tritons.
The diﬀerential cross section measured in each strip as a
function of 6Be excitation energy was calculated as
(
dσ
dΩ
)
s
(EBe) =
Y (EBe)
IN∆Ωs
, (1)
where Y (EBe) is the number of 2H(7Be,3H)6Be events
at a given 6Be excitation energy, I is the number of 7Be
ions that impinged on the target, N is the number of
deuterium atoms per unit area in the target, and ∆Ωs is
the solid angle covered by a SIDAR strip in the center-
of-mass system. The diﬀerential cross section versus 6Be
excitation energy is plotted for several SIDAR strips in
Fig. 6. The observed spectrum, however, was rather fea-
tureless, indicating that direct transfer to 6Be levels was
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Table 1. Upper limits on the cross section (in mb/sr) at
each laboratory angle are summarized. The widths of hy-
pothetical levels in the 6Be nucleus are assumed to be 0.5
MeV, and excitation energies in the range of 3-11 MeV are
considered.
Angle
Levels in 6Be (MeV)
3 4 5 6 7 8 9 10 11
13.6◦ - - - - 0.74 0.78 0.68 0.52 0.36
14.8◦ - - - - 1.12 0.93 0.69 0.49 0.34
16.1◦ - - - - 1.22 1.00 0.66 0.45 -
17.3◦ - - - - 1.25 0.84 0.56 0.38 -
18.6◦ - - - 1.24 0.93 0.66 0.40 - -
19.9◦ - - - 1.06 0.76 0.52 0.35 - -
21.3◦ - - - 0.82 0.61 0.40 0.28 - -
22.6◦ - - 0.84 0.57 0.40 0.33 - - -
24.0◦ - - 0.76 0.50 0.36 0.26 - - -
25.4◦ - - 0.62 0.42 0.31 - - - -
26.8◦ - 0.66 0.48 0.33 0.24 - - - -
28.2◦ - 0.55 0.38 0.26 - - - - -
29.6◦ 0.58 0.36 0.27 - - - - - -
31.0◦ 0.25 0.19 0.13 - - - - - -
not particularly strong compared to other reactions pro-
ducing tritons.
Because no 6Be levels were evident, we set upper limits
on the cross section to populate such levels. Widths of
0.5 and 1 MeV were assumed for the hypothetical levels
in the 6Be nucleus, which are similar to the widths of the
levels in the mirror nucleus 6He. While the widths of the
levels were ﬁxed, the excitation energy could vary from
3 MeV to 11 MeV. Assuming a Gaussian distribution of
tritons would be produced by such a resonance, we in-
creased the normalization factor of the distribution until
the χ2 was increased by a prescribed amount, resulting
in upper limits on the cross sections that were consistent
with the observed spectra at the 90% conﬁdence level.
The range of the excitation energy (3 MeV ≤ EBe ≤
11 MeV) was chosen such that more than 99.7% of the
Gaussian distribution fell into the energy range covered
by each SIDAR strip. Results for the upper limits cal-
culations are summarized in Table 1 (for a width of 0.5
MeV) and Table 2 (for a width of 1 MeV).
Angular distributions of the diﬀerential cross sec-
tion were compared with distorted wave Born ap-
proximation (DWBA) calculations using the computer
code TWOFNR [17] with previously-determined optical
model parameters [18,19]. The optical parameters used
in the DWBA calculations are summarized in Table 3.
Nuclear shell model calculations predict ﬁve levels in
the 6Be system at the energy range of 3.3 MeV ≤ EBe ≤
23.8 MeV [12]. The suggested Jπ values for the ﬁve levels
are 0+, 1+, 2+, and 3+. Angular momentum and parity
considerations show that l = 1 transfers can populate
these levels. Additionally, l = 0 transfers can populate
Table 2. Upper limits on the cross section (in mb/sr) at
each laboratory angle are summarized. The widths of hypo-
thetical levels in the 6Be nucleus are assumed to be 1 MeV,
and excitation energies in the range of 4.5-11 MeV are con-
sidered.
Angle
Levels in 6Be (MeV)
7 7.5 8 8.5 9 9.5 10 10.5 11
13.6◦ - - - 1.47 1.35 1.19 1.03 0.88 0.78
14.8◦ - - - 1.63 1.40 1.19 1.00 0.86 -
16.1◦ - - 1.94 1.64 1.36 1.12 0.95 - -
17.3◦ - - 1.71 1.40 1.14 0.95 0.83 - -
18.6◦ - 1.58 1.30 1.06 0.88 0.78 - - -
19.9◦ - 1.27 1.06 0.89 0.77 - - - -
21.3◦ 1.20 1.00 0.83 0.71 - - - - -
Angle
Levels in 6Be (MeV)
4.5 5 5.5 6 6.5 7 7.5 8
22.6◦ - - - - 0.98 0.84 0.74 0.66
24.0◦ - - - - 0.86 0.73 0.64 -
25.4◦ - - - 0.87 0.74 0.65 - -
26.8◦ - - 0.81 0.68 0.59 - - -
28.2◦ - 0.78 0.65 - - - - -
29.6◦ 0.63 - - - - - - -
Fig. 7. (Color online) DWBA calculations for l = 0 and
1. Ex = 9.6 MeV and a width of 1 MeV are assumed for the
hypothetical level.
1− and 2− levels and also are considered. The DWBA
calculations for l = 0 and 1 are shown in Fig. 7. In
most cases, our observed cross sections are larger than
the DWBA calculations, indicating that a mixture of re-
action mechanisms is involved.
IV. CONCLUSIONS AND DISCUSSION
The 2H(7Be,3H)6Be reaction has been measured in in-
verse kinematics by using a radioactive 7Be beam at
Searching for Resonances in the Unbound 6Be Nucleus by Using a Radioactive 7Be Beam – K. Y. Chae et al. -1791-
Table 3. Optical model parameters used in the DWBA calculations for the 7Be(d,t)6Be reaction.
Particle VR (MeV) rR (fm) aR (fm) 4WD (MeV) rI (fm) aI (fm) rc (fm)
d 39.5 1.60 0.57 14.8 1.60 0.57 1.3
t 165 1.2 0.72 78.6 1.40 0.84 1.3
the ORNL HRIBF in order to search for resonances
in the unbound 6Be nucleus. Because the reaction has
never been studied before, the reaction could populate
unknown states in the 6Be nucleus. The 100-MeV 7Be
beam at HRIBF impinged on a 1.0-mg/cm2 CD2 solid
target, and recoililing tritons from the 2H(7Be,3H)6Be
reaction were detected by using SIDAR in the angular
range 14◦ ≤ θlab ≤ 32◦. The beam energy, the target
thickness, and the angular range were chosen to opti-
mize the sensitivity around 10 MeV in excitation energy
of 6Be. The triton energy spectrum is rather feature-
less, however, indicating that direct transfer to the 6Be
levels is not particularly strong. Because no 6Be levels
were evident, we set upper limits on the cross section to
populate such levels. In most cases, our observed cross
sections were larger than the DWBA calculations, indi-
cating that a mixture of reaction mechanisms is involved.
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